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I.  Introduction 


Iiibore  launch  disturbunocs  cUitcriuiiui  the  inititil  dyiiaiiiic  state  imposed  ou  the  tratisi- 
tional  ballistic  phase  of  projectile  launch.  During  inboro  travel,  the  projectile  mu.st  traverse 
a  path  determined  by  the  static,  dynamic  and  gravity  induced  curvature  of  the  gun  tube. 
The  gravity  induced  curvature  is  simply  the  droop  of  the  gun  due  to  the  force  of  gravity 
acting  on  the  tube.  The  static  curvature  is  the  l>orc  straightnes.5  profile  resulting  from 
the  inability  of  the  manufacturing  i>rocesses  to  machine  a  perfectly  straight  tube.  The 
dynamic  curvature  of  the  gun  tube  is  a  result  of  complex  interdependent  events.  Part  of 
the  dynanrie  curvature  or  bending  of  the  gun  tube  arises  from  tlie  forces  and  momeirts 
created  a.s  the  propellant  gas  pressure  acts  on  the  breech.  The  recoil  axis,  the  mass  center 
of  the  recoiling  parts  and  the  center  of  rotation  are  not  colinear.  Therefore,  the  prop<’llant 
gas  force  causes  linear  and  angular  rigid  body  motion  as  well  as  vibrational  bending  of  the 
gun  tube.  As  this  occurs,  the  propellant  gas  is  also  accelerating  the  projectile  along  the 
bore.  The  projectile  responds  to  the  motion  of  the  gun  tube  walls  and  the  gun  tnbo  to  a 
lesser  extent  responds  to  the  motion  of  the  projectile.  This  path  can  be  thought  of  as  the 
forcing  function  causing  the  balloting  motion  of  an  elastic  sub-proj<'ctilo  .support('d  by  a 
group  of  elastic  sabot  petals. 

The  response  of  the  sabot  petals  to  this  forcing  function  determines  the  linear  and 
angular  dynamic  state  of  the  sabot/projectile  at  muzzle  exit.  The  interaction  between  the 
sabot  boreriders  and  the  tube  walls  will  therefore  detennine  not  only  the  qiiality  of  the 
dynamic  state  at  the  muzzle  but  the  level  of  asymmetry  imparted  to  the  projectile.  The 
roar  borerider  is  the  stiffer  of  the  two  borcriders  and  can  bo  expected  to  act  more  as  a 
pivot  i>oint.  The  front  bonuider  is  generally  located  on  the  sabot  cup  and  will  p.oliably 
drive  the  elastic  response  of  the  sabot /projectile.  The  primary  objective  of  the  study  is 
to  determine  how  the  borerider  stiffness  aifccts  the  launch  dynamics  and  dispersion  of  the 
projectile. 

Generic  25mm  sabot  launched  fin-stabilized  kinetic  energy  ammunition  was  tested 
with  sabots  whose  front  borerider  stiffness  wixs  increased  .’uid  decreased  from  that  of  n 
baseline  configuration.  The  stiffness  of  the  borerider  was  computed  by  an  ANSYS  finite 
clement  analysis,  performed  under  contract  by  Battello  Pacific  Northwe.st  Lal)oratoiies. 
The  projectiles  were  manufactvirod  with  4-petal  sabot  .segments  and  a  steel  sub-projectile, 
Figiire  (1).  A  steel  sub-projectile  was  chosen  becau.se  it  has  low  inertia.  Consequently, 
the  sabot/sub-projectile  weight  ratio  is  high  jxnd  any  inbore  or  transitional  ballistic  dis¬ 
turbances  to  the  suh-piojectile  are  .amplified,  simplifying  mea-surement. 

All  aspects  of  the  launch  djmamics  wei'e  measured.  These  included  gun  dynamics, 
transitional  ballistics  and  free  flight  characteristics.  Proximity  probes  were  used  to  ineasiu’o 
the  motion  of  the  g\ui  tube  muzzle  duriug  the  inbore  cycle  and  to  determine  the  muzzle 
pointing  atigle,  linear  crossing  velocity  and  angular  velocity  at  shot  exit.  Si.\  orthcjgonal 
flash  x-rays  r<!corded  the  dynamic  state  of  the  projectile  at  the  muzzle  and  svibsequcnt  to 
the  sabot  discard.  The  Aerodynamic  Range  Facility  photographed  the  free  flight  motion 
for  a  distance  of  70  meters,  thu.s  establi.shing  the  projectile  trajectory  .and  aerodynamic 
jump. 


I 


II.  Sabot  Pet.'il  Stiffness  Analysis 


Detcnuiniiig  the  ellective  boieiider  stiHiietjs  is  a  diiUcuU  piobloui.  In  general,  exp<a'- 
imoiitul  metliods  clamp  either  the  bnlklieacl  or  the  saddle  of  the  sabot  and  apply  a  forc<> 
to  the  sabot  scoop  and  measure  the  resultant  scoop  dellection.  A  load-deileotioii  curve 
can  then  be  generated  for  the  scoop.  This  technique  has  the  obvious  problem  of  only 
tneJxsuring  the  stiffness  of  one  petal.  Also,  clamping  the  bulkhead  or  the  saddle  will  re.sult 
in  different  effective  stiffnesses.  Fixing  the  bulkhead  results  in  a  lower  stiffu<;ss  because 
the  saddle  region  bends  outward  under  the  action  of  the  applied  load.  .\n  argtunent  cm', 
be  made  for  clamping  the  bulkhead  only  and  including  the  saddle  deflection  because  the 
sub-projectile  is  au  elixstic  member.  Another  unknown  is  how  and  whore  on  the  boiirelel 


the  force  actually  acts.  One  can  postulate  that  jvs  the  scoop  deflects,  the  application  i>oint 
of  the  force  moves  rearward  and  the  effective  stiirness  could  increase  due  to  the  short('r 


moment  arm.  The  effects  of  clearances  botwtHMi  the  sabot  ajud  gun  tul)e  ciuild  result  in  a 
load  being  applied  on  only  one  side  of  the  scoop  at  a  given  instant.  The  number  of  sabot 
petals  is  au  important  parameter  to  consider.  The  interface  boundary  conditions  between 
the  petals  and  the  sub-projectile  will  be  affected  by  the  number  of  petals  and  must  re.sult  in 
a  different  overall  stiffness.  A  four  petal  sabot  was  picked  for  this  .study  since  it  has  a  lowt'i- 
itibovo  stiffness  than  a  two  or  throe  petal  system  and  should  amplify  the  dist\ubanees. 


To  compare  the  effects  of  different  scoop  5tiffne.sse.s,  an  analytic  expc'riment  was  eon- 
ducted  to  compute  a  representative  front  borerider  stiffness.  An  ANSYS  finite  element 
cochi  was  u.sed  to  comi)ute  the  force  l•<^(luir«*d  for  n  viniform  lateral  displacement  of  a  3- 
D  model  of  one  sabot  petal,  Pcnctrator  bending  was  not  considered  and  the  boundary 
condition  of  a  clatui>ed  saddle  was  used.  Thnni  sabot  petaJ.s  were  analyzed:  a  l)as<'Hn<' 
scoop  configuration,  a  stiftcr  .scoop  and  a  softer  .scoop.  Figure  (2)  is  a  photograph  of  two 
baseline  s.abot/peiietrntor  assemblies,  eacli  one  next  to  a  stiff  and  a  soft  scoop  assembly 
respectively.  The  different  thickuc.s.ses  of  the  scoops  is  clearly  vi,sible.  Figiin?  (3)  shows  the 
displaceineut  of  the  stiff  scoop  relative  to  the  \mdeformeil  state.  Table  (1)  lists  the  force 
to  deflection  ratio  for  each  sabot  petal.  This  is  an  effective  spring  constant  representing 
the  different  scoop  stiffness  levels.  The  percent  change  in  the  stiffness  from  that  of  the 
baseline  is  akso  li.sted.  Only  a  29%  reduction  in  stiffness  could  be  achieved  for  the  soft  eon- 


figuiation  because  tlic  sabot/penctrator  assembly  would  lose  its  inbore  structural  integritv 
if  the  borerider  were  weakened  any  further.  These  designs  wei<'  niaiiufi'ctnred  and  ti'sted 
in  the  second  part  of  this  study. 


III.  Test  lustrumentation  and  Procedure 

A  schematic  of  the  test  .set-up  is  given  in  Figure  (4).  Figure  (5)  is  a  i>hotograph  of  the 
set-up  and  Figure  (6)  is  a  closeup  of  the  proximity  gage  arraiigonu'iit  at  tlu'  muzzle.  The 
dynamic  state  of  the  muzzle  was  measured  by  two  stations  of  proximity  probe.s  located  10.7 
cnx  and  20.8  cm  from  th««  muzzle  of  the  gun.  At  each  .station,  four  Scientific- Atlanta  niod.'l 
(>1  eddy  current  proximity  probe.s  were  motmted  in  protective  plastic  holdcr.-^-,  with  two 
pvol^es  diametrically  opposite  each  oilier  in  the  horizontal  and  vertical  iilaiu's  respectively. 


A  piozocloctric  prossxiie  shown  in  F'iKuro  (G),  plncrd  rloso  to  the  mn/.zlo  iji-ovich'd 
nil  iustrumentntion  trigger  signal.  Using  a  custoin  built  trigger  signal  pren-ossor  that  son.sed 
both  the  precursor  shock  and  tlic  main  blast  wave,  all  instrumentation  was  triggered  by 
the  main  blast  wave  pressure  pulse.  All  proximity  probe  signals  wore  recorded  on  Nicolet 
model  -lOOd  digital  oscillo.seopos  at  a  sampling  froquoiicy  of  200  KHz.  Muzzle  displacement, 
pointing  angle,  transverse  linear  velocity  and  angular  velocity  were  determined  utilizing 
appropriate  datji  reduction  techniques.  The  details  of  the  exiioriinentivl  techni<iue  atul 
analysis  proc<!dure  ar<;  giv<>n  in  Reference  ( 1 ). 

A  25imn  Mann  barrel  was  used  to  launch  the  projectiles  at  a  nominrd  velocity  of 
1525  m/s.  Sevcji  baseline  and  one  five  round  grouj)  each  of  the  stifi'er  and  softer  scoop 
configurations  were  launched.  The  transitional  ballistics  of  the  projectiles  were  measured 
following  the  procedure.s  outlined  in  Roforences  (2)  and  (3).  .Six  orthogonal  x-ray  stations 
at  the  muzzle,  nominally  located  0.11,  0.45.  0.S2,  1.33,  1.71  and  2.10  motors  from  the 
muzzle  recorded  the  dynamics  of  the  projectile  at  muzzle  exit.  Figures  (7)  and  (S)  are 
horizontal  x-ray  images  of  the  baseline  configuration  at  0.11  and  2.10  metcr.s  rcspv'ctivoly, 
The  photographs  indicate  that  the  sabot  petals  are  still  in  aerodynamic  contact  with  the 
.suh-projoctilo  2.10  meters  downrange. 


The  fiducial  cable  used  to  measure  the  projectile  orietitation  and  position  can  also  be 
seen  in  the  x-ray  images.  The  test  procedure  required  suspending  the  cable  on  the  line  of 
fire  through  the  center  of  the  muzzle  and  the  first  group  of  Aerodynamic  Range  stations.  A 
low  level  x-rny  of  the  cable  was  taken  as  well  as  photograph.s  of  cable  fidttcial  beads  at  each 
range  station.  From  the  range  photographs,  the  fkhicini  eai>le  can  be  locate*!  in  th«.'  range 
coordinate  system;  therefore,  the  location  of  the  bciuls  vmder  each  x-ray  lunul  are  known. 
The  proci.so  location  of  the  umzzh'  could  also  be  dotermin«Hl  from  tin*  fuhicinl  cable.  The 
cable  wn.s  then  removed  and  a  secon<l  x-ray  image  of  the  projectile  is  recorded  on  the  film 
during  the  The  result  is  the  double  imago  presented  in  the  xray  photographs  above. 
This  technique  wn.s  also  used  in  Reference  (3). 

.A  target  wa.s  located  in  the  last  .station  of  the  third  or  fourth  groui.>  of  range  stations, 
at  51  or  70  meters  respectively.  A  collimated  muzzle  borc.scope  was  used  to  locate  the 
target  on  the  line  of  fire  and  a  nail  placed  ivt  the  uimpoiut  on  the  target  was  photographed 
in  the  range  station.  The  coordinates  of  the  muzzle  and  the  target  aimpoint  were  used  to 
determine  the  pre-shot  lino  of  fire. 


Using  the  data  reduction  procedures  and  theory  documented  in  Refeieneo  (4),  a  com¬ 
plete  set  of  aerodynamic  coofficient.s  were  obtained  for  the  sul>-proioctile,  permitting  the 
dotormination  of  the  aorodynamic  jump. 


IV.  Jump  aud  Dispersion  Model 

The  prcviou.sly  described  test  set->ip  and  data  acquisition  procetluros  are  ;dl  designed 
to  lucasurc  the  primary  factors  contributing  to  the  fall  of  shot  on  the  target.  An  early 
report  by  Gay  aud  Elder,  Reference  (5).  is  an  analytic  aud  experiuu-ntal  stmiy  of  the  jump 
ot  a  OOnnn  cminon.  Only  the  g;uii  dynamics,  the  aerodyn;uni<'  jump  and  inbore  projectile 


(v,syminoti'*os  woro  considerecl  !\t  that  t.iin<\  Tlu^  authors  ooachulod  that  tla^so  thr<'('  ('fh'cts 
cooW  not  accotint  for  tho  jiiini)  on  the  target.  A  roeojit  paper  by  Diele,  llefereuee  (0),  cloea 
disoviss  the  sabot  .separation  otTeots  on  th«^  jtunp.  Roh^reueo  (0)  conohules  that  tho  jtunp  is 
a  vector  ,siuu  of  a  series  of  ooinponents  and  that  the  gun  dynamics  alone  is  n\4.  sidlieient 
to  close  with  the  target  impact. 

This  paper  utilizes  tho  following  jump  and  dispersion  models  for  sabot  launcliod  fm- 
stabilized  kinetic  energy  umiminition.  The  origin  in  Figure  (9)  is  the  intersection  of  the 
target  and  the  pre-shot  line-of-fire.  An  aiinpoini  can  also  be  defined  and  is  below  the  origin 
on  the  vertical  axis.  Its  magnitude  in  milliradiuns  is  equal  to  the  gravity  drop  experienced 
by  tho  projectile  at  a  given  range.  A  jump  vector  in  Figure  (9)  is  a,  vector,  who.se  horizontal 
and  vertical  magnitude  is  the  angle  in  milliradians  of  the  deviation  from  the  line-of-fire. 
The  jump  mo<lol  for  a  sabot  launched  fin-stabilized  kinetic  energy  penetrator  consists 
of  the  6  components  displayed  in  Figure  (9).  The  lirst  component  is  the  jump  diie  to 
muzzle  pointing  angle.  Tho  gun  deviates  from  the  line-of-fire  prior  to  shot  exit.  At  shot 
exit  the  muzzle  of  the  gun  has  a  transverse  velocity  which  it  imposes  on  the  projectile. 
This  determines  tbe  second  jump  component,  th<'  muzzle  crossing  velocity.  It  is  the  angle 
compute<l  by  dividing  the  muzzle  transverse  velocity  by  the  projectin'  laimch  velocity. 
The  third  jump  component  is  the  angular  deviation  of  the  projectile  center  of  gravity 
from  the  instantaneous  boro  centerline  at  shot  exit.  This  vector  is  caused  by  the  inbore 
balloting  motion  of  tlie  projectile,  muzzle  blast  di.stuibances  and  projectile  mechanical 
disengagement  from  tho  g\m  tvibe.  The  next  component  is  tho  not  deviation  of  tho  projectile 
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tlu'  aerodynamic- jump  or  tho  mean  angular  <leviation  of  the  projectile  swei  ve  trajectory. 
The  sixth  vector  is  tho  gravity  drop  which  i.s  included  lu're  for  completeness.  It  is  not 
normally  cousidcrocl  a  true  jump  vector  but  cun  alfoct  tho  dispersion  if  a  large  variation 
in  projectile  nmzzle  velocity  exists.  Those  six  jumj>  component.';  arc  required  to  det('rmine 
how  tho  projectile  arrived  at  tho  target  impact  i)oint. 

Based  on  the  model  dohning  the  projectile  jump,  a  dispersion  model  cun  be  generated. 
Consider  Figure  (10);  a  .scries  of  projectil<?s  are  firo<l  and  a  target  dispersion  is  created. 
This  di.spersion  is  the  .standard  deviation  of  the  projectile  impacts  about  tho  mean  impact 
point.  Each  impact  is  created  by  the  sum  of  a  series  of  dilferent  jump  conq^ononts.  Each 
juntp  component  has  a  dispersion  associute<l  with  it.  Stati.stically,  if  the  dispersion  is  the 
ro:udt  of  the  sum  of  independent  <'vents  (i.e.  the  individual  jumps),  then  the  .squan'  of 
tho  standard  deviations  of  the  jmnp  comi)onents  will  smn  to  the  .squat*'  of  the  impaet 
dispersion.  I'his  is  time  for  tho  horizontal  as  w«'ll  as  th('  vertical  components.  Thus,  a 
dispersion  model  is  describe*!  by  Equtition  (1). 

-t-  <rl  -\-  (t;^  -I-  alt  -1-  d-  -^y,(  ( 1 ) 

It  would  bo  simple  if  th<’  dispcr.sion  was  a  linear  sttm  *)f  the  <lisp*:?rsion  in  six  jump  eompo- 
lumts.  However,  it  is  possilile  for  the  jumj)  comp*>uenl.s  to  b*'  iutorrelated.  F*)r  iustan***, 
it  is  immediately  obvious  that  the  eg  jump  at  th*'  muzzle  is  couple*!  to  the  angular  rat*' 
of  the  projectile  at  the  muzzle.  Doth  arc  *l*'t*'rmine*l  by  tbe  sam*'  inbore  forcing  funetion. 
The  angular  rate  at  tho  muzzle,  mo*lifi<^*l  by  ;uiy  sabot  *liscai'*l  tlistuibama's,  is  th**  initial 
e*)ndition  f*)r  the  fr*'*-  ilii!;ht  aeiodynamic  jump.  Th*'r<‘foi*'  in  the  physieal,  as  \v«'ll  as  rlu' 
statistical  s*'nso,  a  corrolati*)n  coultl  exist  b*'twcou  <7,.,  and  *t„,,  Tliis  **>rrelati(>n  can  b*' 


expressed  by  Equation  (2). 


^cgaj  —  1'^cg^aj  (“) 

The  factor  “r”  is  a  correlation  coefficient  which  can  be  either  positive  or  negative  and  is  a 
measure  of  the  statistical  strength  of  the  correlation.  If  such  a  correlation  is  found,  then 
Equation  (1)  must  be  modified  to  include  this  effect.  Including  the  example  correlation  in 
Equation  (1)  results  in  Equation  (3). 

=  ol,  +  al  +  +  a],  +  (3) 

Correlations  can  exist  between  all  of  the  components  statistically  and  the  one  in  Equation 
(3)  has  been  used  as  an  example  of  how  to  include  this  effect  in  the  sum.  Later  in  the  paper, 
data  and  physical  justifications  will  be  presented  as  to  why  this  particular  correlation  was 
chosen.  In  the  next  section  the  test  data  will  be  analyzed  based  on  the  simple  model 
discussed  in  this  section. 


V.  Presentation  and  Analysis  of  the  Data 

For  each  of  the  projectiles  launched  it  was  necessary  to  generate  a  jump  component 
plot  such  as  described  in  Figure  (9).  The  complete  data  required  to  generate  the  jump 
plot  and  the  procedure  by  which  this  was  accomplished  will  be  presented  in  this  section. 
Figures  (11)  and  (12)  are  the  muzzle  displacement  and  pointing  angle  history  measured 
by  the  proximity  probe  eirray  for  a  beiseline  round,  number  19160.  From  this  data  the 
muzzle  pointing  angle,  crossing  velocity  and  angulm'  rate  of  the  gun  muzzle  were  computed. 
The  inbore  residence  time  of  this  projectile  is  approximately  2  milliseconds.  Both  the 
displacement  and  pointing  angle  are  plotted  as  functions  of  time,  and  12  milliseconds  prior 
to  shot  exit  both  muzzle  displacement  and  movement  are  observed.  These  arise  from  two 
sources;  the  first,  is  that  the  line  of  fire  is  determined  with  a  borescope  in  the  muzzle  of  the 
gun.  When  the  borescope  is  removed,  the  gun  changes  its  position  and  angle  as  measured 
by  the  proximity  gages  used  to  measure  the  gun  motion.  The  second  is  that  the  gun  is 
fired  by  pulling  a  lanyard  which  can  cause  gun  motion  prior  to  the  propellant  ignition. 

Figures  (13)  and  (14)  are  x-ray  and  Aerodynamics  Range  data  of  the  horizontal  and 
vertical  components  of  the  center  of  gravity  trajectory  of  the  projectile  near  the  muzzle. 
The  solid  line  is  the  pre-shot  line  of  fire  to  which  the  jump  is  referenced.  The  next  set 
of  data,  Figures  (15)  and  (16),  is  the  horizontal  and  vertical  angular  motion  of  the  sub¬ 
projectile.  Both  x-ray  data  and  Aerodynamics  Range  data  are  again  included.  The  dashed 
line  in  these  two  plots  is  the  non-linear  least  squares  fit  of  the  free  flight  yawing  motion  of 
the  projectile.  It  is  clear  that  there  are  no  rneasureable  sabot  discard  disturbances  such  as 
those  reported  in  Reference  (7)  which  alter  the  angular  rates  during  the  transiticnal  ballistic 
phase.  This  leads  to  the  important  conclusion  that  tor  this  sabot/penetrator  system  the 
linear  and  angular  dynamics  of  the  projectile  at  the  muzzle  are  the  initial  conditions  for 
the  free  flight  motion  of  the  projectile.  The  free  flight  angular  motion  recorded  by  the 
Aerodynamics  Range  and  the  fit  of  that  data  is  presented  in  3D  in  Figure  (17).  The  plane 
of  the  total  yaw  can  be  clearly  identified.  It  is  also  the  plane  containing  the  aerodynamic 
jump. 


The  jump  plot  can  now  be  composed.  Since  the  data  indicated  that  the  sabot  discard 
disturbances  were  effectively  zero,  the  jump  model  contains  only  five  components.  These 
components  are;  the  muzzle  pointing  angle,  crossing  velocity,  projectile  center  of  gravity 
motion  at  the  muzzle,  the  aerodynamic  jump  and  the  gravity  drop.  The  following  technique 
was  utilized  to  close  the  jump  components  with  the  target  impact:  first,  the  muzzle  pointing 
angle  jump  and  muzzle  crossing  velocity  jump  vectors  were  constructed  from  the  origin  of 
the  jump  plot;  second,  the  gravity  drop  smd  aerodynamic  jump  were  extrapolated  backward 
from  the  target  impact.  The  final  component,  the  projectile  center  of  gravity  jump  at 
the  muzzle,  could  then  be  determined  by  subtracting  the  other  components  from  the  total 
jump.  A  check  was  then  made  to  see  if  the  center  of  gravity  jump  component  was  consistent 
with  the  slope  of  the  swerve  data  recorded  by  the  x-rays  at  the  muzzle,  the  Aerodynamics 
Range  swerve  data  and  swerve  data  fit.  This  is  the  dashed  line  labeled  ”CG  JUMP  SLOPE” 
in  Figures  (13)  and  (14),  respectively.  As  can  be  seen  the  dashed  line  is  tangent  to  the 
swerve  fit,  solid  line  in  the  respective  figures  v/hich  is  consistant  with  penetrator  free  flight 
motion.  The  jump  closure  for  round  number  19160  is  presented  in  Figure  (18).  Each  round 
was  analyzed  by  the  above  technique  and  a  summary  of  the  results  for  the  three  different 
front  borerider  stiffnesses  is  presented  in  the  next  section. 


VI.  Summary  and  Discussion  of  the  Results 

There  are  only  seven  rounds  of  data  for  the  baseline  configuration  and  five  rpunds 
each  for  the  soft  and  stiff  boreriders,  respectively.  These  are  few  data  on  which  to  base 
what  would  be  termed  statistically  significant  conclusions.  Howev  er,  even  with  so  few  data, 
insight  can  be  gained  about  the  physics  of  the  stiffness  effects  on  the  launch,  accuracy  and 
di.spersion  of  this  ammunition  type.  Table  (2)  is  a  summary  to  the  target  impact  dispersion 
for  the  three  different  cases.  The  data  in  the  table  are  all  in  milliradians. 

The  obvious  conclusion  to  be  drawn  from  this  data  is  that  the  projectiles  fired  from 
the  sabots  with  the  stiff  borerider  appear  to  have  lower  dispersion.  The  proverbial  question 
is  ’’Why?”.  As  was  discussed  in.  the  previous  section,  there  are  only  four  jump  components 
and  the  gravity  drop  required  to  close  with  the  target  impact  point.  The  gravity  drop  for 
the  70  meter  trajectory  is  small,  its  dispersion  is  negligible  and  will  be  ignored.  Figures 
(19),  (20),  (21)  and  (22)  are  summary  plots  of  the  individual  jump  components.  Each  jump 
vector  is  normalized  to  it’s  own  origin;  therefore,  these  are  plots  of  the  magnitude  and 
direction  of  each  component.  The  muzzle  pointing  angle,  Figure  (19),  appears  randomly 
distributed  in  the  vertical  and  generally  in  the  positive  horizontal  direction  for  all  borerider 
stiffnesses. 

Figure  (20),  the  muzzle  crossing  velocity,  is  also  randomly  distributed  but  is  an  order 
of  magnitude  smaller.  The  projectile  center  of  gravity  jump  at  the  muzzle  is  random 
in  magnitude  but  is  directed  only  in  the  upper  half  plane.  Its  magnitude  is  significant 
because  it  is  at  least  one  order  larger  than  the  muzzle  crossing  velocity  magnitude.  It 
can  therefore  be  concluded  that  the  projectile  linear  motion  at  the  muzzle  is  not  due  to 
the  motion  of  the  muzzle  but  depends  primarily  on  the  motion  of  the  projectile  relative 
to  the  instantaneous  bore  centerline.  The  aerodynamic  jump  component.  Figure  (22), 
appears  completely  random  in  magnitude  and  direction.  Since  there  are  no  sabot  discard 
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disturbances,  the  aerodynamic  jump  is  linearly  proportional  to  the  angular  rate  of  the 
projectile  at  muzzle  exit,  Figure  (23).  Comparing  Figure  (24),  the  angular  rate  of  the 
gun  muzzle  at  shot  exit,  to  the  data  in  Figure  (23),  a  similar  conclusion  can  be  drawn  for 
the  angular  dynamics  of  the  projectile  as  was  for  the  linear  dynamics.  The  angular  rate 
of  the  gun  does  not  account  for  the  angular  motion  of  the  projectile  at  the  muzzle;  it  is 
the  angular  motion  of  the  projectile  relative  to  the  bore  that  dominates  by  at  least  one 
order  of  magnitude.  Another  conclusion  to  be  drawn  from  these  data  is  that  the  muzzle 
pointing  angle  C2ui  contribute  to  the  ammunition  dispersion  but  it  is  not  likely  that  the 
muzzle  crossing  velocity  contributes  significantly. 

The  plots  provide  physical  insight  to  the  phenomenon.  However,  there  appears  to 
be  no  clear  indication  as  to  why  using  the  stiff  borerider  sabots  result  in  the  lower  target 
impact  dispersion.  Tables  (3),  (4)  and  (5)  are  a  tabular  presentation  of  the  data  (in 
milliradians)  previously  plotted. 

The  sum  of  the  mean  jump  of  each  component  in  the  horizontal  and  vertical  planes  for 
aJl  three  configurations  closes  nicely  with  the  measured  mean  impact  point  on  the  target. 
The  larger  di  *  rence  in  the  vertical  between  the  sum  and  the  measured  terms  is  the 
average  gravity  drop,  ”  '••ich  has  not  been  included  here.  The  standard  and  stiff  borerider 
configurations  were  la.,.nched  at  a  70  meter  target  and  the  soft  borerider  configurations  at 
a  51  meter  target.  Therefore,  the  gravity  drop  is  a  little  smaller  in  Table  (5).  The  mean 
of  each  of  the  jump  components  is  not  significantly  different  for  the  three  configurations 
and  neither  is  the  dispersion.  The  dispersion  in  the  aerodynamic  jump  component  of 
the  stiff  configuration  is  smaller  ou  average  but  this  is  not  enough  to  account  for  the 
significantly  lower  target  impact  ;  ,rsion.  Much  more  interesting  is  the  result  in  the  last 
two  columns  of  the  three  tables.  ie  standard  configuration,  Tfv’  .  (3)  the  squares  of  the 

individual  component  dispersi  .f  .  'd  up  to  the  squares  of  the  taiget  impact  dispersion. 
This  result  indicates  tha'  ■  •  .!•):  can  be  modeled  by  the  dispersion  model  given  by 

Equation  (1)  and  the  comv  .  independent  of  each  other.  Unfortunately,  the  stiff 

configuration,  which  hr  t  dispersion,  and  the  horizontal  dispersion  component 

of  the  soft  configu""*'  isfy  the  simple  dispersion  model  because  the  sum  of  the 

squares  of  the  indi  jnents  is  much  larger  than  the  square  of  the  target  impact 

dispersion.  This  leads  to  the  conclusion  that  the  dispersion  model  given  by  Equations  (2) 
and  (3)  must  be  applied  in  order  to  explain  the  lower  target  impact  dispersion. 

If  there  is  a  perfect  correlation  between  any  two  jump  components,  then  the  correlation 
coefficient  is  one.  Because  of  its  extremely  small  magnitude,  any  correlation  between 
the  muzzle  crossing  velocity  component  and  any  other  component  even  for  a  correlation 
coefficient  of  unity  would  not  play  a  significant  role  in  Equation  (3).  This  is  purely  a 
statistical  argument  to  justify  dropping  any  cross  terms  containing  the  muzzle  crossing 
velocity.  However,  a  valid  physical  argument  can  also  be  madi  Since  the  projectiles 
were  all  fired  from  a  Mann  barrel  and  its  inertial  mass  is  so  much  larger  than  that  of 
the  pro.^ctile  inbore  weight,  the  interchane**  of  linear  and  angular  momentum  between 
the  projectile  and  the  gun  tube  will  affe  .  he  gun  dynamics  only  slightly.  The  primary 
driver  of  the  gun  dynamics  in  all  pro’  ty,  see  Reference  (1),  is  the  response  of  the 
tube  to  the  breech  pressure  and  the  na  .ure  of  the  recoil  system.  In  this  specific  case,  as 
v/as  demonstrated  in  Figures  (13)  and  (14),  the  effect  '  ^  the  lanyard  moving  the  gun  also 
plays  a  role.  The  above  reason  along  with  the  data  presented  in  Figures  (20),  (21),  (23) 


and  (24),  which  shows  that  the  linear  and  angular  dynamics  of  the  projectile  at  shot  exit 
is  not  driven  by  the  muzzle  dynamics,  can  be  used  to  conclude  that  the  muzzle  pointing 
angle  component  should  not  be  correlated  to  any  of  the  other  jump  components,  The 
only  possible  correlation  that  remains  is  one  between  the  center  of  gravity  jump  at  the 
muzzle  and  the  aerodynamic  jump.  Physically,  there  must  be  a  coupling  between  these 
two  quantities  because  it  is  the  inbore  balloting  motion  that  drives  the  dynamic  state  of 
the  projectile  at  muzzle  exit.  Both  the  linear  velocity  and  the  angular  velocity  of  the 
projectile  are  excited  by  the  same  interior  ballistic  forcing  functions  (i.e.  the  dynamic 
€ind  static  curvature  of  the  gun  tube).  Using  the  jump  component  data  for  the  horizontal 
component  of  the  soft  configuration,  the  existence  of  this  correlation  can  be  confirmed.  It 
can  be  shown  that  the  correlation  coefficient  in  Equation  (2)  is  directly  proportional  to 
the  slope  of  a  linear  fit  of  any  two  components  of  the  jump  plotted  against  each  other. 


Figure  (25)  is  a  plot  of  the  muzzle  pointing  angle  versus  the  aerodynamic  jump,  the 
muzzle  pointing  angle  versus  the  projectile  center  of  gravity  jump  and  the  projectile  center 
of  gravity  jump  versus  the  aerodynamic  jump.  Clearly,  the  slope  of  the  data  plotted  against 
the  muzzle  pointing  angle  is  small  if  not  zero.  However,  there  is  a  clear  negative  correlation 
between  the  projectile  center  of  gravity  jump  and  the  aerodynamic  jump.  Figure  (26)  is 
the  same  plot  but  for  the  horizontal  component  of  the  stiff  configuration.  A  similar  trend 
is  seen  in  the  data  but  the  scatter  in  the  data  is  much  larger.  The  cross  correlation  terms, 
Equation  (2),  can  now  be  determined  from  the  data  in  Figures  (25)  and  (26)  and  the  data 
for  the  vertical  jump  components  of  the  stiff  configuration.  From  a  basic  statistics  text. 
Reference  (8),  the  relation  between  the  slope  of  the  data  and  the  correlation  coefficient  is; 


r  =  /?: 


'eg 


(4) 


The  solid  lines  in  Figures  (25)  and  (26)  are  lea.st  squares  fits  of  the  projectile  center  of 
gravity  component  versus  the  aerodynamic  jump  component.  The  results  of  using  the 
dispersion  model  given  by  Equation  (3)  are  given  in  Table  (6). 


Clearly,  the  addition  of  the  correlation  term  (Jega:  has  helped  close  the  difference 
between  the  measured  target  impact  dispersion  and  the  dispersion  computed  using  the 
dispersion  model.  In  the  caie  of  the  horizontal  component  of  the  soft  configuration,  the 
closure  is  reinarkable.  It  is  probably  just  fortuitous  that  this  occurred;  however,  the 
closure  for  both  components  of  the  stiff  configuration  is  good  by  statistical  standards  for 
the  number  of  data  points  available.  Using  a  test,  it  can  be  shown  that  the  80% 
confidence  interval  on  the  measured  target  impact  dispersion  is  0.23  <  a  <  0.62.  In  Tables 
(4)  and  (5)  dispersion  obtained  from  the  sum  of  the  individual  components  is  just  out 
of  this  interval.  Using  the  correlation  terms  brings  the  computed  dispersion  much  closer 
and  well  within  this  interval.  Statistically  this  means  we  have  closed  the  dispersion  by 
using  the  correlation  model  to  within  the  ability  to  measure  the  data.  It  is  felt  that  the 
correlation  model  for  the  dispersion  includes  the  important  terms  required  to  describe  the 
phenomenon. 


Since  the  correlation  term  does  appear  to  explain  the  lower  dispersion  numbers,  a 
physical  explanation  for  the  phenomenon  is  also  required.  To  aid  in  understanding  what 
is  occurring.  Figure  (27)  is  helpful.  Consider  the  simple  case  of  only  two  jump  compo¬ 
nents.  In  Figure  (27)  the  first  jump  component  is  random  in  magnitude  and  direction  and 
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the  second  is  less  random  in  direction  but  still  random  in  magnitude.  The  dispersion  of 
each  component  appears  high  individually  but  in  the  last  view  “Net  Jump”  the  impact 
dispersion  of  the  sum  of  the  two  components  is  low,  demonstrating  the  existence  of  the 
correlation.  Because  the  aerodynamic  jump  is  proportional  to  the  projectile  angular  rate 
at  the  muzzle  zmd  the  projectile  center  of  gravity  jump  is  actually  the  linear  velocity  at  the 
muzzle,  both  components  are  coupled  inbore.  The  fact  that  they  cam  interact  so  directly 
is  unique  to  this  test  because  there  were  no  sabot  discard  disturbances.  In  the  case  of 
the  baseline  configuration  and  the  vertical  component  of  the  soft  configuration,  no  cor¬ 
relation  terms  were  found.  The  only  plausible  explanation  for  this  is  that  changing  the 
front  borerider  stiffness  has  altered  the  inbore  dynamic  response  such  that  the  linear  and 
angular  motion  at  the  muzzle  is  in  phase,  out  of  phase  or  between  phases  in  such  a  manner 
to  cause  a  symbiotic  interaction  reducing  the  dispersion. 


VII.  Influence  of  In-bore  Balloting  Motion 


The  experimental  study  has  demonstrated  that  interrelationships  between  jump  com¬ 
ponents  can  have  a  significant  impact  upon  the  magnitude  of  ammunition  dispersion. 
Through  statistical  arguments,  it  was  shown  that  the  aerodynamic  jump  was  correlated 
to  the  linear  motion  of  the  projectile  at  the  muzzle,  for  some  test  configurations.  Since 
there  were  no  measurable  discard  disturbances,  potential  correlations  between  the  linear 
eg  motion,  angular  rate  at  the  muzzle,  eg  motion  after  sabot  discard  and  aerodynamic 
jump  could  be  eliminated.  The  angular  rate  at  the  muzzle  and  the  aerodynaittic  jump 
are  therfore  linearly  related  and  the  correlation  between  aerodynamic  jump  and  linear  eg 
motion  was  not  obscured. 

In  the  report,  it  has  been  further  postulated  that  the  in-bore  balloting  behaviour  of 
the  projectile/sabot  represents  the  link  joining  the  linear  and  angular  dynamics  of  the 
bullet  at  the  muzzle.  Support  for  this  contention  can  be  garnered  through  a  simplified 
analysis  of  projectile  in-bore  motion,  illustrating  the  potential  for  a  correlation  between 
the  linear  and  angular  motion  of  the  projectile  as  it  exits  the  gun  tube. 

A  number  of  sophisticated  models  have  been  developed  to  examine  the  details  of 
projectile  in-bore  motion,  including  lumped  parameter  models.  References  (9)  &:  (10),  and 
finite  element  models,  Reference  (11),  capable  of  accurately  predicting  the  flexing  of  a 
penetrator  subjected  to  the  large  lateral  accelerations  due  to  projectile  balloting  motion. 
Normally,  the  computational  time  required  to  implement  a  model  is  directly  related  to 
its  sophistication  and  ability  to  predict  the  details  of  in-bore  projectile  dynamics.  In  the 
current  study,  interest  is  limited  to  demonstrating  the  potential  for  a  correlation  between 
the  angular  and  linear  motion  of  the  projectile  at  the  muzzle,  rather  than  accurately 
predicting  the  detailed  in-bore  dynamics.  To  accomplish  this  task,  a  greatly  simplified 
model  is  utilized.  In  this  model,  the  projectile/sabot  is  simulated  by  a  rigid  rod  supported 
by  four  linear  springs  representing  the  front  borerider  and  rear  obturator  band  of  a  saboted 
projectile.  The  stiffness  of  each  spring  and  its  placement  with  respect  to  the  center  of 
gravity  of  the  rod  is  equal  to  that  of  the  corresponding  sabot  element.  Passage  of  the 
projectile  down  the  bore  of  the  gun  tube  is  simulated  by  permitting  the  point  of  attachment 
between  each  of  the  springs  and  the  supporting  tube  to  translate  in  the  transverse  (y) 
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direction,  as  shown  in  Figure  (28).  To  determine  the  position  of  the  attachment  points 
as  a  function  of  time,  oxily  the  static  geometry  of  the  gun  tube  (i.e.  bore  centerline  and 
diameter  profiles)  are  considered. 

Although  the  expei.iments  were  conducted  for  a  projectile  launched  from  a  rifled  tube, 
the  model  limits  itself  to  the  examination  of  the  planar  motion  for  a  nonspinning  projectile 
(i.e.  a  projectile  launched  from  a  smoothbore  gun).  Also,  the  dynamics  of  the  rod  is 
represented  in  terms  of  the  linear  motion  of  its  center  of  gravity  ycg  and  the  rotation  of 
the  rod  about  this  point,  o.  This  motion  can  be  determined  from  the  summation  of  forces 
and  moments  acting  upon  the  eg. 

SjP  =  mijtg  (5) 

SM  =  la  (6) 

A  fotirth  order  Runge-Kutta  technique,  Reference  (12),  is  utilized  to  integrate  the  equa¬ 
tions.  The  excitation  or  driving  function  for  the  system  is  due  to  the  passage  of  the  rod 
down  a  gun  tube  having  curvature  and/or  a  varying  diameter  resulting  in  an  extension 
or  compression  of  the  springs  over  and  above  that  due  to  the  free  vibration  of  the  rod. 
The  magnitude  of  this  additional  extension/compression  is  obtained  by  determining  the 
projectile  axial  position  from  a  match  case  computed  using  the  IBHVG2  interior  ballistics 
code.  Reference  (13),  then  using  the  measured  bore  straightness  profile  and  bore  diameter 
to  determine  the  instantaneous  displacement  of  the  attachment  point  for  each  spring  to 
the  outer  wall. 

Figure  (29)  depicts  the  computed  linear  displacement  of  the  eg  for  a  rod  with  char¬ 
acteristics  similar  to  the  “baseline”  case  traversing  a  gun  tube  having  a  sinusoidal  bore- 
straightness  profile  (wavelength  =  1.8m)  at  constant  velocity.  Note  that  the  eg  motion  is 
larger  in  amplitude  and  out  of  phase  with  the  displacement  of  the  wall  at  the  location  of 
the  front  borerider.  It  was  found  that  the  magnitude  of  both  the  linear  and  angular  mo¬ 
tion  for  the  projectile/ sabot  will  be  a  function  of  the  magnitude  and  frequency  of  the  bore 
centerline  and  diameter  profiles  as  well  as  the  placement  and  stiffness  of  the  supporting 
springs. 

In  the  model,  provision  has  been  made  to  incorporate  the  effects  of  manufacturing 
tolerances  for  both  the  projectile  and  and  gun  tube  through  the  use  of  non-linear  stiffness 
functions  for  the  springs  (i.e.  springs  are  linear  but  act  only  when  a  sabot  element  is 
compressed)  and  non-zero  initial  conditions  for  both  the  linear  and  angular  position  of  the 
rod.  The  gun  tube  utilized  for  the  experiment  was  unusually  straight.  The  measured  bore 
straightness  profile.  Figure  (30),  reveals  only  a  few  small  “bumps”  with  a  magnitude  larger 
than  the  sensitivity  of  the  measurement  technique.  In  the  model,  the  measured  values  for 
bore  straightness  were  used  directly  with  no  attempt  to  pass  a  smooth  curve  through  the 
points.  The  bore  curvature  will  therefore  cause  a  series  of  impulse  disturbances  to  be 
applied  to  the  spring-mass  system.  Since  a  thick  wall  Mann  Barrel  was  employed  in  the 
tests,  the  “droop”  of  the  tube  is  also  expected  to  be  small  and  was  not  included  in  the 
computation.  The  bore  diameter  was,  except  for  the  zone  where  rifling  begins,  uniformly 
25.02mm. 
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For  the  current  analysis,  it  is  assumed  that  dispersion  is  due  solely  to  differences  in 
the  initial  orientation  of  the  projectile  in  the  forcing  cone  of  the  gun  tube,  presumably 
due  to  permitted  tolerances  when  the  projectile  is  loaded  into  the  cartridge.  Figure  (31) 
depicts  the  linear  rate  of  the  eg  perpendicular  to  the  guntube  centerline  for  six  possible 
initial  conditions,  with  the  projectile:  (1)  cocked  upwards  to  the  full  extent  permitted 
by  the  diameter  of  the  gun,  (2)  parallel  to  the  gun  centerline,  but  placed  initially  at  the 
bottom  of  the  tube,  (3)  cocked  downwards  to  the  full  extent  permitted,  (4)  parallel  to  the 
gun  centerline  with  the  rod  eg  at  the  centerline  of  the  tube,  (5)  cocked  upwards,  but  only 
to  half  the  amount  permitted  by  the  dianneter  of  the  tube  mid  (6)  cocked  downwards  to 
half  the  permitted  amount.  In  zdl  cases  the  diameter  of  the  rod  is  25mm. 

The  results  can  be  placed  into  two  groups.  The  first,  consisting  of  cases  for  which 
the  eg  was  initially  below  the  centerline  of  the  tube  exhibits  an  oscillatory  motion  with  a 
dominant  frequency  roughly  equal  to  the  natural  frequency  of  the  equivalent  spring-mass 
system.  The  second  group  was  positioned  with  the  eg  initially  above  the  centerline  of  the 
gun  and  therefore  the  rod  was  not  subjected  to  the  same  initial  disturbance.  At  the  muzzle 
the  motion  of  the  two  groups  appears  to  be  out  of  phase  due  to  the  different  disturbances 
to  which  they  were  exposed. 

Figure  (32)  shows  the  angular  rates  (angular  velo<  Hy  multiplied  by  the  forward  pro¬ 
jectile  velocity)  for  the  same  six  initial  conditions.  Here  a  monotontic  decrease  of  the  rate 
at  the  muzzle  can  be  observed  as  one  proceeds  from  the  cocked  up  position  through  the 
straight  initial  state  to  the  cocked  down  position.  Plotting  the  aerodynamic  jump  versus 
the  linear  jump.  Figure  (33),  a  negative  correlation  between  the  two  velocities  can  be  read¬ 
ily  observed  for  the  “stiff”  case.  The  figure  also  depicts  results  for  “baseline”  and  “soft” 
boreriders.  There  are  positive  correlations  for  both,  approximately  3.4  times  larger  than 
the  negative  correlation  for  the  “stiff”  case. 

Care  must  be  taken  when  interpreting  the  results.  As  already  noted,  the  balloting 
motion  of  the  system  will  be  a  function  of  not  only  the  stiffness  and  position  of  the  supports, 
but  also  the  geometry  of  the  gun  tube  (i.e.  curvature  and  variation  of  diameter  along  the 
bore)  and  the  axial  acceleration  of  the  projectile  in-bore.  Therefore,  results  obtained  for 
this  launch  system  may  not  be  directly  applicable  to  other  gun  tubes.  As  an  example, 
a  similar  computation  was  conducted  for  a  system,  in  which  the  coordinate  system  was 
permitted  to  rotate  at  an  angular  rate  proportional  to  the  forward  velocity  of  the  projectile, 
modifying  the  driving  function  for  the  system.  Figure  (34)  depicts  the  relationship  between 
projectile  aerodynamic  and  linear  jump  in  the  vertical  plane  with  respect  to  the  gun  tube. 
In  this  instance,  the  correlation  for  the  “stiff”  borerider  has  increased  in  magnitude  while 
remaining  negative.  The  “baseline”  and  soft  borerider  results  show  that  the  correlations 
have  decreased  in  magnitude  by  one-half  the  value  computed  for  the  non-rotating  case. 

In  summary,  computations  performed  utilizing  this  simplified  model  have  demon¬ 
strated  that  the  angular  velocity  and  linear  velocity  of  the  projectile  at  the  muzzle  can  be 
correlated.  The  rates  will  depend  upon  the  projectile  properties,  the  initial  conditions,  and 
the  in-bore  geometry  of  the  launch  system  and  can  produce  correlations  which  increase  or 
decrease  dispersion.  Ideally,  one  should  strive  to  design  a  system  which  is  least  sensitive 
to  anticipated  variations  in  both  the  launch  system  and  projectile  geometries. 
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VIII.  Conclusions 


The  purpose  of  this  research  was  to  analyze  the  effects  of  structural  changes  in  the 
sabot  components  on  the  launch  dynamics,  accuracy  and  dispersion  of  fin-stabilized  kinetic 
energy  ammunition.  It  had  been  hoped  to  find  a  simple  design  criterion  for  improving  the 
performance  of  the  aiiimunition.  Unfortunately,  such  a  rule  is  not  forthcoming.  Bzised 
on  the  data,  a  significant  understanding  of  the  factors  influencing  the  accuracy  and  dis¬ 
persion  of  this  ammunition  type  was  obtained.  The  dispersion  model  proposed  by  the 
authors  appears  adequate  to  explain  the  physics  of  the  ammunition  dispersion.  Because 
the  sabot /penetrator  launch  system  is  structurally  very  elastic,  understanding  the  inbore 
dynzunic  response  of  the  projectile  is  the  key  to  determining  the  initial  conditions  which 
are  needed  to  predict  the  accuracy  and  dispersion  characteristics  of  the  ammunition. 
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Figure  (1)  Baseline  Projectile  Assembly 


Figure  (2)  Photograph  of  Stiff,  Soft 
and  Baseline  Scoops 


Figure  (3)  Stiff  Scoop  Displacement 
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TRANSITIONAL  BALLISTICS  AERODYNAMICS  RANGE 


Figure  (4)  Schematic  of  the  Test  Set-Up 


Figure  (5)  Photograph  of  Test 
Set-Up 


Figure  (6)  Close-Up  of  the  Proximity 
Gages 
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Figure  (7)  X-Ray  of  the  Projectile 
at  0.11  meter 


Figure  (8)  X-Ray  of  the  Projectile 
at  2.10  meters 


MP  =  Muzzle  Pointing  Angle  SD  =  Sabot  Discard  Jump 

CV  =  Muzzle  Crossing  Velocity  AJ  =  Aerodynamic  Jump 

CG  =  Projectile  CG  Jump  at  the  Muzzle  GD  =  Gravity  Drop 


Figure  (0)  Jump  Model 


Figure  (10)  Dispersion  Model 
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Figure  (ll)Mim!e  Displacement 


Figure  (12)  Muzzle  Pointing  Angle 
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Figure  (13)  Horixoutal  C.G.  Trajectory 
of  Projectile 
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Figure  (14)  Vertical  C.G,  Trajectory 
of  Projectile 
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VERTICAL  (mrod) 


MUZZLE  POINPNC  ANOIC 


Figure  (l9)Mirxzle  Pointing  Angle 
Summury 


Figure  (21) Projeetile  CG  Jump 
Summary 


VERTICAL  (mrod) 


Figure  (20)  Muzzle  Crossing  Velocity 
Sumttiary 


aehodvnamic  jump 


-I  0  I  3 

HORIZONTAL  (mrod) 


Figure  (22)  Aerodynamic  Jump 
Summary 
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Figure  (23)  Projectile  Angular  Rate 
at  the  Muzzle 
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Figure  (25)  Cross  Correlations  for  the 
Soft  Configuration 
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Figure  (24)  Gi  n  Muzzle  Angular  Rate 
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Figure  (26)  Cross  Correlations  for  the 
Stiff  Configuration 


Figure  (28)  Geometry  for  the  problem  of  a  rigid  beam  supported  by  four  springs 
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Figure  (29)  Linear  displacemtent  of  rod  center  of  gravity  when  traversing  a 
guntube  with  a  sinusoidal  bore  centerline 


0  0.3  0.6  O.d  1.2  1.5  1.8 

Distance  from  muzzle  [m] 

Figure  (30)  Bore  centerlins  profile  for  25mm  Mann  barrel  used  in  the  test 
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Figure  (31)  Linear  velocity  of  the  rod  center  of  gravity  perpendicular  to 
the  centerline  of  the  gun  tube 


Figure  (32)  Angular  rate  of  the  rod 


22 


■o 

2 

i. 

a 

E 

3 

-> 

U 

1 


0.5  r 
0.4 
0.3 


0.2  - 
0.1  - 
0.0  - 
-0.1 


O 
c 
>. 

TJ  -0.2 


< 


-0.3 

-0.4 

-0.5 


Tronl  fllf(n«» 
■s  tS.34  *>5  K/in 
Os  9.45  oS  I^Vn 
A=  *.55  *45 


„6S 


(ZX 


So 

A  O 


[.  Rco.'  8or«nd«r  illfln«*K  9.45*4a  N/m 

Monn  Sorr«l/leO  ln-bor«  trolMtory  30  ApH1 1989 

I _ I _ I _ I _ I _ I 


-1  -0.8  -0.6  -0.4  -0.2  0  0.2  0.4 

Muzzle  Jump  [mrad] 


0.6  0.8 


Figure  (33)  Correlation  between  aerodynamic  and  linear  jump  at  the  muzzle, 
in  the  vertical  plane 
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Figu  re  (34)  Correlation  between  aerodynamic  and  linear  jump 
at  the  muzzle  for  a  rotating  coordinate  system 


23 


Table  (1)  fVont  Borerider  Stiffness 


Baseline 


Stiff 


Soft 


0.83 


0.32  I  0.40 


0.01  0.39  0.94 


Table  (2)  Measured  Target  Impact  Dispersion 


Muzzle  Pointing  Angle 


Muzzle  Crossing  Velocity 


Projectile  CG  Jump 


Aerodynamic  Jump 


Sum 


Measured 


■^mean 


0.140 


0,040 


KlilsuBKlI 


0.480 


ilwri 


-0.187 


0.17  0.09 

0.0289 

0.0081 

0.02  0.02 

0.0004 

0.0004 

0.27  0.20 

0.0729 

0.0400 

0.78  0.58 

0.6084 

0.2916 

0.85  0.58 

0.7106 

0.3401 

0.6889 

0.3600 

Table  (3)  Mean  Impact  and  Dispersion  Summary  -  Baseline  Configuration 


Table  (4)  Mean  Impact  and  Dispersion  Summary  -  Stiff  Configuration 
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Oz 

mm 

Muzzle  Pointing  Angle 

0.03 

-0.11 

0.040 

0.150 

0.0016 

0.0225 

Miizzle  Crossing  Velocity 

-0.00 

0.013 

0.029 

0.0002 

0.0008 

Projectile  CG  Jump 

0.28 

0.43 

0.450 

0.190 

0.2025 

0.0361 

Aerodynamic  Jump 

0.15 

-0.20 

0.430 

0.870 

0.1849 

0.7569 

Sum 

0.44 

0.12 

0.620 

Plililil 

0.3892 

0.8163 

Measured 

0.44 

0.01 

0.390 

0.940 

0.1521 

0.8836 

Table  (5)  Mean  Impact  and  Dispersion  Summary  -  Soft  Configuration 


Component 

Description 

iSBSI 

Stif 

1 

Soft 

Horizontal 

IBSHEMI 

Horizonteil 

Vertical 

Muzzle  Pointing  Angle 

0.0324 

0.0289 

0.0016 

0.0225 

Muzzle  Crossing  Velocity 

\^m\ 

0.0001 

0.0001 

0.0002 

0.0008 

Projectile  CG  Jump 

0.1600 

0.1156 

0.2025 

0.0361 

Aerodynamic  Jump 

. 

0.2401 

0.2500 

0.1849 

0.7569 

Correlation 

2<Tcgaj 

0.0000 

Sum  Eqn.  (3) 

0.2286 

0.2428 

0.1512 

0.8136 

Measured 

0.1024 

0.1600 

D.1521 

0.8836 

Sum  Eqn.  (3) 

a 

0.48 

0.49 

0.39 

0.90 

Measured 

a 

0.32 

0.40 

0.39 

mmm 

Table  (6)  Dispersion  Results  with  Jump  Correlation  Terms 
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